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ABSTRACT
We study effects of high-energy particles on the accretion flows onto a su-
permassive black hole and luminosities of escaping particles such as protons,
neutrons, gamma-rays, and neutrinos. We formulate a one-dimensional model of
the two-component accretion flow consisting of thermal particles and high-energy
particles, supposing that some fraction of the released energy is converted to the
acceleration of the high-energy particles. The thermal component is governed by
fluid dynamics while the high-energy particles obey the moment equations of the
diffusion-convection equation. By solving the time evolution of these equations,
we obtain advection dominated flows as the steady state solutions. Effects of
the high-energy particles on the flow structures turn out to be small even if the
pressure of the high-energy particles dominates over the thermal pressure. For
a model in which the escaping protons take away almost all the released energy,
the high-energy particles have large influence enough to make the flow have the
Keplerian angular velocity at the inner region. We calculate the luminosities
of the escaping particles for these steady solutions. The escaping particles can
extract the energy from about 10−4M˙c2 to 10−2M˙c2, where M˙ is the mass accre-
tion rates. The luminosities of the escaping particles depend on the parameters
such as the injection Lorentz factors, the mass accretion rates, and the diffusion
coefficients. We also discuss some implications on the relativistic jet production
by the escaping particles.
Subject headings: accretion, accretion disks — galaxies: jets — galaxies: nuclei —
relativistic processes — neutrinos
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1. INTRODUCTION
Active galactic nuclei (AGNs) are considered to emit high-luminosity radiation through
accretion onto a supermassive black hole (SMBH). Many types of solutions of the steady
accretion flow around a compact object have been found (e.g. Shakura & Sunyaev 1973;
Abramowicz et al. 1988; Blandford & Begelman 1999; Yuan 2001; Oda et al. 2007). The
advection dominated accretion flow (ADAF) is a solution realized when the mass accretion
rates are sufficiently smaller than the Eddington accretion rates (Narayan & Yi 1994).
Many calculations about the global structure of ADAF were performed in late 1990s
(e.g. Narayan & Yi 1995; Chen et al. 1997; Manmoto et al. 1997). ADAF is so hot and
tenuous that the plasma in this flow becomes collisionless, which allows the particles in
the flow to have a non-thermal distribution (Mahadevan & Quataert 1997). Previously,
such particle acceleration has been discussed in the models involving shocks which may
exist in the accretion flow (Le & Becker 2004, 2005; Becker et al. 2008, 2011) and in the
stochastic acceleration in the corona region above the disk (e.g. Katz 1991; Dermer et al.
1996; Subramanian et al. 1999).
In this paper, we consider that particle acceleration occurs in the bulk of disk matter.
In the accretion flow, the magneto-rotational instability (MRI) plays an important role in
transporting angular momentum. Strongly turbulent magnetic fields arise due to MRI and
their stress transports the angular momentum (Balbus & Hawley 1991; Sano et al. 2004).
Recently, numerical simulations of MRI in collisionless plasma have been performed, and
high-energy protons are shown to be generated by magnetic reconnection induced by MRI
(Riquelme et al. 2012; Hoshino 2013). These high-energy protons are expected to interact
with thermal protons and generate neutrons and pions,
p+ p→ p+ p+ π0 +X, (1)
p + p→ p + n+ π+ +X, (2)
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where X represents multiple pions. While thermal protons are confined by the strong
turbulent magnetic fields, the neutrons can escape from the accretion flow because of the
charge neutrality if their life times are longer than their escape times (Begelman et al.
1990). A π0 decays into two photons, and a π+ decays into three neutrinos and a positron.
Since photons and neutrinos are not trapped by the magnetic fields, they will also escape
from the accretion flows. In addition, high-energy protons can have much larger mean
free paths than the thermal protons and can escape from the flow through their diffusive
motions. Thus, it is possible to extract energy from the accretion flows through the
high-energy particles.
ADAF is also considered to be related with the formation of outflows and relativistic
jets (Narayan & Yi 1994; Becker et al. 2008). However, the production mechanism of the
jets is not well understood. If the luminosity of the jet, Ljet, originates from the gravitational
energy of the accreting materials, the condition Ljet < ηM˙c
2 should be satisfied, where M˙ is
the accretion rate onto a SMBH and η is the energy release efficiency. Since Ljet = ΓM˙jetc
2,
where Γ ∼ 10− 100 is the Lorentz factors of the jet and M˙jet is the mass loading rate to the
jet, we have M˙jet ≪ M˙ . This means that the mechanisms concentrating the gravitational
energy on a small fraction of the materials are necessary. The escape of the high-energy
particles may be one of such mechanisms (e.g. Le & Becker 2004; Toma & Takahara 2012).
This point also motivates us to investigate the luminosity of the escaping materials from
the accretion flows.
The energy extraction through escaping particles may affect the dynamical structure
of the accretion flow. The high-energy particles also affect the pressure in the flow. While
some studies consider high-energy particles for predicting photon spectra from ADAFs (e.g.
Mahadevan et al. 1997; Niedzwiecki et al. 2013), few study the dynamical feedbacks of the
high-energy particles to the accretion flows, which we study in this paper. We formulate
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one-dimensional, vertically integrated equations of the accretion flow including high-energy
particles in Section 2. Numerical results are shown in Section 3. We discuss implications of
the results and future directions of the investigation in Section 4, and Section 5 is devoted
to the summary.
2. FORMULATION
We consider a steady accretion flow that consists of thermal and non-thermal
particles. The thermal particles (TPs) obey the fluid equations, while the high-energy
particles (HEPs) are described by the diffusion-convection equation (e.g. Drury 1983;
Jones 1990). We assume that the radiation from TPs is inefficient and ignore effects of
the electron component. We use the cylindrical coordinate (r, φ, z) and the vertically
integrated equations for simplicity. In addition, we assume the axial symmetry. Under
these assumptions, we treat the accretion flow as a one-dimensional problem.
2.1. Thermal Component
For TPs, we assume that density, radial velocity, and angular momentum are constant
for the vertical direction, and use vertically-integrated pressure and vertically-averaged
internal energy for calculation. We include effects of vertical velocity for compressional
heating. The mass and angular momentum conservations of TPs are represented as (e.g.
Pringle 1981)
∂Σ
∂t
+
1
r
∂
∂r
(rΣvr) = 0, (3)
∂
∂t
(Σlz) +
1
r
∂
∂r
(rvrΣlz) =
1
r
∂
∂r
(
r3Σν
∂Ω
∂r
)
, (4)
– 6 –
where Σ is the surface density, vr is the radial velocity, lz is the specific angular momentum,
Ω = lz/r
2 is the angular velocity, and ν is the kinetic viscosity. We use the standard alpha
prescription expressed as ν = αcsH , where cs and H are the effective sound speed and the
scale height, respectively (Shakura & Sunyaev 1973). We assume that the inertia of TPs is
much larger than that of HEPs. This assumption allows us to write equations (3) and (4)
without any sink terms due to interchange between TP and HEP.
The radial momentum conservation is represented as
∂
∂t
(ρvr) +
1
r
∂
∂r
(rρv2r) +
∂
∂z
(ρvzvr) = −∂ptot
∂r
+ ρrΩ2 − ρ∂Φ
∂r
, (5)
where ρ = Σ/(2H) is the density of TPs and ptot is the total pressure. We assume that ρ is
constant for the vertical direction. We use the pseudo-Newtonian potential represented as
Φ = − GM√
r2 + z2 − rs
, (6)
where rs ≡ 2GM/c2 is the Schwarzschild radius (Paczyn´sky & Wiita 1980). Expanding Φ
with the condition z/r ≪ 1 and neglecting terms with o((z/r)3), we integrate equation (5)
as
∂
∂t
(Σvr) +
1
r
∂
∂r
(rΣv2r) = −
∂Ptot
∂r
+ Σr(Ω2 − Ω2K)− ΩK
dΩK
dr
ΣH2
3
, (7)
where Ptot =
∫
ptotdz is the integrated total pressure and
ΩK =
√
GM
r
1
r − rs
(8)
is the Keplerian angular velocity. The last term of equation (7) accounts for the z
dependence of the radial component of the gravitational force (cf. Matsumoto et al. 1984).
The integrated total pressure is represented as
Ptot = PTP + PHEP + PB, (9)
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where PTP, PHEP, and PB are the integrated pressures of TPs, HEPs, and the magnetic
fields, respectively.
We reduce the vertical equation of motion to that of the hydrostatic equilibrium by
neglecting the advection term,
H ≈ cs
ΩK
, (10)
where cs =
√
Ptot/Σ is the effective sound speed.
The energy conservation is
∂
∂t
(ρǫTP) +
1
r
∂
∂r
(rvrρǫTP) +
∂
∂z
(vzρǫTP) = −pTP∇ · v + q+, (11)
where ǫTP is the specific internal energy of TPs, pTP is the pressure of the TPs, and q+
is the viscous heating rate per unit volume for TPs. After some algebra, equation (11) is
integrated and written as
∂
∂t
(ΣETP) +
1
r
∂
∂r
(rvrΣETP) = Q+, (12)
where ETP =
∫
ǫTPdz/(2H) is the vertically averaged specific internal energy of TPs, and
Q+ is the total heating rate per unit area for TPs. We will describe Q+, which includes the
viscous dissipation and the compressional heating, in subsection 2.3.
The equation of state for TPs is written as
pTP = (γTP − 1)ρǫTP, (13)
where γTP is the specific heat ratio of TPs. Integrating this equation with the assumption
that ρ is independent of z, we obtain the relation between PTP and ETP as
PTP = (γTP − 1)ΣETP. (14)
We set γTP = 5/3 because TPs are assumed to be non-relativistic. We assume turbulent
magnetic fields induced by TPs in the accretion flows. The integrated magnetic pressure
– 8 –
PB is estimated with the assumption that the plasma beta is constant, i.e
PB = PTP/β. (15)
Some previous studies consider that magnetic fields behave as a relativistic gas and include
the magnetic component in their energy equation (e.g. Esin et al. 1997). However, since we
hardly understand a proper description of magnetic fields, we simply assume that magnetic
pressure is proportional to the thermal pressure and do not include the magnetic component
in equation (12). The vertically-averaged strength of the magnetic fields B is defined as
B =
√
8πpB =
√
4πPB/H, (16)
where we use PB =
∫
pBdz = 2HpB and pB = B
2/(8π). Under this assumption, the
magnetic fields do not behave as a relativistic gas. We assume B is constant for the vertical
direction.
2.2. High-Energy Component
In this paper, we assume that HEPs are relativistic and regard their energy and
momentum as identical. HEPs obey the diffusion convection equation (e.g. Drury 1983;
Jones 1990)
∂
∂t
f + v · ∇f =∇ · (κp∇f) + ∇ · v
3
p
∂f
∂p
+ f˙inj − f˙sink, (17)
where f(t, r, p) is the distribution function of HEPs, κp is the diffusion coefficient, and p is
the momentum of HEPs. We add the terms f˙inj and f˙sink that describe the injection and
sink, respectively. The sink term, added in this equation symbolically, includes effects of the
neutron escape and pion production. We suppose that the magnetic reconnection and/or
the second-order Fermi process act as the injection term.
As a first step study, instead of solving the distribution function f , we only solve the
number and energy densities, NHEP and UHEP, in this paper. We define the number density
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and the energy density of HEPs per unit area as
NHEP = 4π
∫
∞
−∞
dz
∫
∞
0
dpp2f, (18)
UHEP = 4π
∫
∞
−∞
dz
∫
∞
0
dpp2fpc, (19)
respectively. We can treat the mean Lorentz factor as
γm ≡ UHEP
mpc2NHEP
, (20)
where mp is the proton mass. Taking the appropriate moments of equation (17) and
integrating over the vertical direction, we obtain the equations of number and energy
densities of HEPs as
∂NHEP
∂t
+
1
r
∂
∂r
(rvrNHEP) =
1
r
∂
∂r
(
rκ
∂NHEP
∂r
)
− N˙diff + N˙inj − N˙sink, (21)
∂UHEP
∂t
+
1
r
∂
∂r
(rvrUHEP) = QV,HEP +
1
r
∂
∂r
(
rκ
∂UHEP
∂r
)
−Qdiff +Qinj −Qsink, (22)
respectively. We have used the averaged diffusion coefficient κ, the injection terms N˙inj
and Qinj, the sink terms N˙sink and Qsink, and the escaping rates of HEPs through vertical
diffusion N˙diff = NHEP/tdiff and Qdiff = UHEP/tdiff , where tdiff = H
2/κ is the vertical diffusion
time. Equation (22) has the compressional heating term
QV,HEP = −PHEP
rH
∂
∂r
(rHvr), (23)
where we define the integrated pressure of HEPs as
PHEP = 4π
∫
∞
−∞
dz
∫
∞
0
dpp2f
cp
3
. (24)
See Appendix A for the treatment of the compressional heating term. Since we assume that
HEPs are relativistic, the relation between UHEP and PHEP is given as
UHEP = 3PHEP. (25)
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This relation implies that γHEP = 4/3, where γHEP is the specific heat ratio of HEPs. We
describe κ as
κ =
1
3
cλ =
Cdiffcrg
3
. (26)
We represent the mean free path as λ = Cdiffrg, where Cdiff is a parameter that represents
difference from the Bohm diffusion, and rg = γmmpc
2/(eB) is the gyro radius. In the actual
situation, the diffusion coefficient depends on the Lorentz factor of the particles because the
particles with higher energies have larger mean free paths. As a first step study, however,
we do not treat the spectrum of HEPs but simplify the situation by taking the moments of
the distribution function f . In the same spirit, we use γm when we estimate rg.
2.3. Energy Dissipation and Energy Loss
HEPs affect the dynamical structure of the flow through the pressure term and energy
extraction. In this subsection, we summarize the internal energy injected into or extracted
from the accretion flows. In this paper, we assume that the injection rates into HEPs are
related to the heating rates of TPs. TPs are heated by the viscous dissipation rates,
Qvis = Σν
(
r
∂Ω
∂r
)2
, (27)
and the compressional heating rates,
QV,TP = −PTP
rH
∂
∂r
(rHvr). (28)
See Appendix A for derivation of equation (28). Since the turbulent viscosity is expected
to induce the dissipation in the accretion flows, it is considered that some fraction of the
dissipated power is expended to inject HEPs by the second-order Fermi acceleration. The
compression of the turbulent magnetic fields is likely to induce the magnetic reconnection,
so that HEPs are expected to be generated by consuming some fraction of the compressional
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heating energy. Thus, we assume that the fraction fvis of Qvis is injected into HEPs, and
the remaining fraction (1 − fvis) goes into TPs. Similarly, the fraction fcomp of QV,TP goes
into HEPs, and the other (1− fcomp) heats up TPs, i.e.
Qinj = fvisQvis + fcompQV,TP (29)
and
Q+ = (1− fvis)Qvis + (1− fcomp)QV,TP. (30)
As described above, we ignore the spectrum of HEPs and only use the mean Lorentz factor.
In the same manner, we assume mono-energetic injection everywhere. Using the Lorentz
factor at injection, γinj, the injection term for the number density of HEPs is represented as
N˙inj =
Qinj
(γinj − 1)mpc2 . (31)
The interactions between HEPs and TPs extract the energy and particles from the
flow. Since we ignore radiation processes of TPs, we do not consider the background photon
fields. This treatment allow us to neglect photomeson production, pγ → pπ0 or nπ+, and
consider only proton-proton collisions (pp collisions). When the reactions (1) and (2) occur,
pions are produced, and high-energy protons or neutrons lose their energies. The pions
decay into photons, neutrinos, electrons, and positrons as (Begelman et al. 1990)
π0 → 2γ, (32)
π+ → e+ + 3ν, (33)
π− → e− + 3ν. (34)
Since we consider tenuous accretion flows with the optical depth for electron scattering
τes . 1, the neutrinos and photons can escape directly from the flows, and the high-energy
electrons and positrons are considered to emit radiation and lose their energy rapidly. Thus,
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the flows lose their energy by pion production through pp collisions. Using the inelasticity
of this reaction, Kpi, we estimate the energy loss rates by pion production as
Qpi =
∫
KpiǫkinnHEPnTPσppcdz =
KpiǫkinNHEPΣσppc
2mpH
, (35)
where nHEP = NHEP/(2H) is the number density of HEPs, nTP = Σ/(2mpH) is the number
density of the TPs, ǫkin = (γm − 1)mpc2 is the mean kinetic energy of HEPs, and
σpp = 30
[
0.95 + 0.06 ln
( ǫkin
1GeV
)]
mb (36)
is the cross section for pp collisions (Aharonian & Atoyan 2000). We assume that the
number density of HEPs is uniform for the vertical direction when estimating the pp
collision rate.
Neutrons are also produced by pp collisions. The formation rates of relativistic neutrons
in unit volume are estimated as
n˙p→n =
1
2
Pp→nnHEPnTPσppc (37)
where Pp→n is the probability for neutron formation per interaction. The factor 1/2
indicates that half of the neutrons are thermal. Neutrons may escape from the flows because
of the charge neutrality, whereas neutrons decay into the protons when their life time has
passed after their formation. In order that a neutron escapes from the flow, its escape time
tesc has to be shorter than its life time tn = 887γnsec, where γn is the Lorentz factor of the
escaping neutron. Ignoring escape of thermal neutrons from the flows since most of thermal
neutrons satisfy tn ≪ tesc, we write the neutron escape rates as
N˙esc =
∫
n˙p→n exp
(
−tesc
tn
)
dz (38)
With the approximation that all neutrons move along the vertical direction, we write the
escaping time as tesc = (H − z)/c, and the neutron escape rates are evaluated as
N˙esc = n˙p→nctn
{
1− exp
(
−2H
ctn
)}
. (39)
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On neutron production, some fraction of energy is carried away by pions, and the Lorentz
factor of escaping neutrons satisfies the condition of
(γn − 1)mnc2 = (1−Kpi)(γm − 1)mpc2, (40)
where mn is the mass of a neutron. We can neglect the interactions of neutrons with TPs
because we consider tenuous flows (Begelman et al. 1990; Toma & Takahara 2012). Using
γn, we represent the energy loss rates by neutron escape as
Qesc = (γn − 1)mnc2N˙esc. (41)
The sink term of equation (21) is equivalent to neutron escape,
N˙sink = N˙esc. (42)
On the other hand, Qsink in equation (22) includes the cooling by pion production in
addition to neutron escape,
Qsink = Qesc +Qpi. (43)
We set Kpi = 0.5 and Pp→n = 0.5 following to Begelman et al. (1990).
2.4. Calculation Method and Conditions
We solve the six differential equations, (3), (4), (7), (12), (21), and (22) for
Σ, lz, vr, ETP, NHEP, and UHEP. We calculate the time evolution of these equations until
a steady state solution is realized rather than solve the equations with steady assumption
because the former method has some advantages over the latter. One of the advantages is
that we need not treat the singular point arising in the steady state flow equations. Another
advantage is that unstable solutions are not realized. In order to solve the fluid equations,
we use a method of finite differences with a time-explicit solution procedure similar in
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methodology to the ZEUS code with the von Neumann & Richtmyer artificial viscosity
(von Neumann & Richtmyer 1950; Stone & Norman 1992). The equations of HEPs are
solved by using the fully-implicit method (Press et al. 1992). We determine the time step
so that the CFL condition is safely satisfied (the safety factor C0 = 0.1). The number of
the grid points is N = 256, and the grids are uniformly divided in the logarithmic space.
We calculate some models with N = 128 and find that the results are unchanged by the
number of grids.
The initial conditions are unimportant because the system forgets them by the time
when a steady state solution is realized. We set the initial conditions as follows,
Σ = − M˙
2πrvr
, (44)
lz = 0.9ΩKr
2, (45)
vr = vr,0r
−1, (46)
ETP = −0.5Φ, (47)
NHEP = 0.0, (48)
UHEP = 0.0, (49)
where M˙ is the mass accretion rates, and vr,0 is determined to be smoothly connected at
the outer boundary. The boundary conditions do not strongly affect the solutions when we
choose sufficiently large rout. We assume that there is a rotationally supported flow at the
outer boundary r = rout, i.e., we set the outer boundary of TPs as
Σ = − M˙
2πrvr
, (50)
lz = 0.9ΩKr
2
out, (51)
vr = − 3ν
2rout
, (52)
ETP = −0.5Φ. (53)
These boundary conditions make the viscous dissipation rates large, which are expected to
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induce the large injection rates. We confirm that the results are almost unchanged if we set
a slowly rotating outer boundary, such as lz = 0.3ΩKr
2
out. For HEPs, we set the outflow
boundary condition. Under this condition, the inflow of HEPs at the outer boundary is
prohibited so that HEPs that diffuse out from the outer boundary do not return into the
calculated region. In this study, we assume that HEPs are accelerated only within the
critical radius, i.e., the allocation factors are given as
fvis =


fv (r < rcrit)
0 (r > rcrit)
, (54)
fcomp =


fc (r < rcrit)
0 (r > rcrit)
. (55)
We treat rcrit, fv,and fc as parameters. We set the free boundary conditions for the inner
boundary at r = rin because the flow should be supersonic at the vicinity of the black hole.
All the variables satisfy the condition ∂/∂r = 0 at r = rin.
3. CALCULATION RESULTS
In our formulation, there are several free parameters, such as the diffusion parameter
Cdiff , the allocation parameters fv and fc, the critical radius rcrit, and the injection Lorentz
factor γinj. Since it is too complex to study with all the parameters varying, we fix the
parameters MBH, rout, rin, and rcrit, which are tabulated in Table 1. We choose rout = 150rs
in order to shorten the calculation time. Effects of HEPs are expected to be large as rcrit
is large, and we use rcrit = 100rs. We calculate with the other parameters tabulated in
Table 2. The group A consists of the models without HEPs (fv = fc = 0). We compare
the results of the groups A with the previous global solutions of ADAF in order to confirm
validity and consistency of our formulation and method. By comparing results among the
groups B, C, and D, we investigate effects of the ways how to inject HEPs. Injection rates
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in the group B, C, and D are respectively proportional to the viscous dissipation rates, the
compressional heating rates, and the total heating rates. We consider a model E1 in which
HEPs take away almost all energy. The dynamical structure of this model is very different
from the structures without HEPs.
3.1. Dynamical structure of flows without High-Energy Particles
We show the results of the group A for which there are no HEP. These results
correspond to ADAF models with no radiative cooling. A1 is a reference model, A2 is a
model with strong magnetic fields, A3 with a small mass accretion rate, and A4 with a
small α parameter. Figure 1 shows the radial distributions of (a) the surface density Σ, (b)
the specific angular momentum lz, (c) the radial velocity vr and effective sound speed cs,
and (d) the integrated total pressure Ptot for the group A. From (c) of Figure 1, we find
that transonic solutions are realized in all models by solving time evolution of a system
of fluid equations. The sonic radii of our solutions are between 2rs and 4rs, which are
consistent with previous global solutions of ADAF (Chen et al. 1997; Nakamura et al. 1997;
Narayan et al. 1997).
Comparing A1 (β = 10, solid lines) with A2 (β = 3, dashed lines), we found that the
strength of the magnetic pressure scarcely affects the dynamical structure. The dashed
lines in Figure 1 almost overlap with the solid lines. This feature is consistent with the
previous solutions (Nakamura et al. 1997). The mass accretion rate affects the surface
density and the total pressure. The surface density is proportional to M˙ , and the total
pressure Ptot ∝ Σ ∝ M˙ . We can see this feature in panels (a) and (d) by comparing A3
(M˙ = 0.001, dotted lines) with A1 (M˙ = 0.01). However, the mass accretion rate has very
little influence on the structure of lz, vr, and cs. In panels (b) and (c), the dotted lines
completely overlap with the solid lines. These dependences on the mass accretion rate are
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common features of ADAF solutions (Narayan & Yi 1994; Kato et al. 2008).
The α parameter strongly affects the dynamical structure of the flows. For A4
(α = 0.003), vr and Σ are respectively small and large, while cs is not very different,
compared with the reference model A1 (α = 0.1). This makes the sonic radius smaller.
The small α parameter makes the transport of the angular momentum inefficient, and the
flow rotates super Keplerian in r ≃ 3 − 4rs. To realize a transonic solution, the radial
velocity rapidly increases as r → rs. This makes the surface density rapidly decrease while
cs is almost constant at the inner region r . 7rs. This causes the integrated pressure to
decrease rapidly there. Thus, the integrated pressure has the maximum at r ≃ 7rs. These
features are also seen in the previous solutions (Chen et al. 1997; Nakamura et al. 1997;
Narayan et al. 1997). Therefore, our solutions are consistent with numerical solutions found
in other studies.
We check the energy balance of the flow. Figure 2 (a) represents the heating rates for
A1. The solid and dashed lines show the viscous dissipation and compressional heating
rates, respectively. It is seen that the compressional heating is dominant in the inner region
(r . 60rs) while the viscous dissipation is larger than the compressional heating in the
outer region (r & 60rs). However, the compressional heating rate is at most eight times
larger than the viscous dissipation rate at the innermost region. Both the compressional
heating and the viscous dissipation are important to heat up TPs in this model. In previous
papers, the energy balance was discussed by using the entropy. In that viewpoint, the
compressional heating is included in the advection term of the entropy (cf. Narayan & Yi
1994; Narayan et al. 1997), and what determines the internal energy has not been explicitly
discussed.
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3.2. Dynamical structure of flows with High-Energy Particles
In this subsection, we show the results of the models including HEPs. First, we
compare the results with different injection models. The group B consists of the models
with fv 6= 0 and fc = 0, in which injection rates are related only to the viscous dissipation.
Figure 3 shows the radial distributions of (a) the surface density Σ, (b) the specific angular
momentum lz, and (c) the radial velocity vr and the effective sound speed cs. From panels
(a) and (b), the surface density and angular momentum distributions of B1 (fv = 0.3) are
almost same as A1 (fv = fc = 0). The surface density and the specific angular momentum
of B2 (fv = 0.9) are a few tens of percent larger than those of A1. Similarly, vr and cs of B2
are a few tens of percent smaller than those of A1. Panel (d) shows the radial distributions
of the integrated pressure for B2, from which we found that PTP is about twice larger than
PHEP. Even with fv = 0.9, PTP always dominates over PHEP. This is due to the efficient
compressional heating, which dominates over the viscous dissipation in the inner region. It
is found that HEPs have little influence on the dynamical structure for the models in the
group B because the total injected energy is not so large compared with the total energy
that heats up TPs. The thermal pressure for B2 is nearly half of that for A1. This is
because some fraction of the dissipation energy is expended for injection of HEPs. Note
that the compressional heating rate of B2 is about twice smaller than that of A1 since the
compressional heating rates are proportional to PTP.
Since the compressional heating dominates over the viscous dissipation at the inner
region, it is worth to investigate the effects of injection related only to the compressional
heating. The group C consists of the models with fv = 0 and fc 6= 0, in which the injection
rates are related only to the compressional heating. Figure 4 shows the radial structures of
the solutions of the group C. They are quite similar to those of the group B. From (a) and
(b) of Figure 4, it is seen that the radial structure of C1 (fc = 0.3) is nearly the same as
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that of A1 (fv = fc = 0). We found that HEPs scarcely affect the dynamical structure and
that PTP > PHEP everywhere even for the model C2 (fc = 0.9). At r = rcrit, the viscous
dissipation rate is larger than the compressional heating rate, so that PHEP in the outer
region is slightly smaller than that for the group B. The compressional heating is expended
to inject HEPs rather than to heat up TPs. This causes the specific internal energy of TPs
to be small, and the angular momentum of C2 is slightly larger than that of A1 owing to
inefficient transport of the angular momentum. This makes the viscous dissipation rate
slightly larger, and the injection rate is smaller than the dissipation rate except for the
innermost region r . 3rs. Thus, the injection only from the compressional heating cannot
energize HEPs enough to satisfy PHEP > PTP. Although the compression does not heat up
TPs in the group C, the slightly large dissipation rate causes the total heating rate for TPs
in C2 to be nearly the same as that in B2. This is why the results of the group C is quite
similar to those of the group B.
The pressure of HEPs does not dominate over the thermal pressure in the groups B and
C. This motivates us to investigate the models in which the injection rates are proportional
to the total heating rates. The group D consists of such models with fv = fc 6= 0. Figure
5 shows the radial structures of the solutions of the models D1 and D3. From panels (a)
and (b) of Figure 5, we can see that the profiles of Σ and lz of D1 (fv = fc = 0.3) are
nearly the same as those of A1. For this model, the allocation factors fc and fv are so small
that PHEP < PTP is satisfied everywhere. From (d) of Figure 5, we see that PTP < PHEP
in r . 40rs for D3 (fv = fc = 0.9). The thermal pressure of D3 has about ten times
smaller than that of A1 in r . 10rs since almost all released energy is spent to inject HEPs.
Although PTP < PHEP is realized when HEPs are injected from both the viscous dissipation
and the compressional heating, other variables for D3 are at most a few times larger or
smaller than A1. Even if PHEP > PTP, HEPs does not strongly affect the radial profiles of
vr, cs, lz, and Σ.
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We explain how HEPs affect the dynamical structure of the accretion flows. The
solutions with larger fv and/or fc have slightly larger Σ, larger lz, smaller vr, smaller cs,
and smaller Ptot. As HEPs gain large fraction of released energy, the specific heat ratio of
accreting materials is smaller. This makes Ptot small, and the angular momentum transport
is inefficient. This causes the angular momentum to be large, and the large centrifugal
force makes vr small. The small vr causes Σ to be large so that the mass accretion rate
is constant. However, the effects of the specific heat ratio cannot change the dynamical
structure by an order of magnitude even if PTP < PHEP is satisfied. The flow structures are
the advection dominated flows for the models in groups B, C, and D.
This ADAF structures can be changed by HEPs when they extract almost all released
energy. We calculate the model E1 (fv = fc = 0.9, Cdiff = 10
4) in which the accretion flow
loses most of the energy by proton escape. Figure 6 shows the results of E1. In this model,
the integrated pressure of HEPs is much smaller than PTP because the escaping protons
take away almost all the injected energy. This makes cs small, which causes lz to be large.
From panel (b), we can see that in r . 8rs, the flow has the Keplerian angular momentum.
Since the centrifugal force is large owing to the large lz, vr is small and thereby Σ is large.
Although HEPs extract almost all energy, PTP for E1 is not so different from that for A1
except in r . 5rs. This is because the increment of Σ balances the decrement of cs. To
realize a transonic solution, the radial velocity is rapidly increasing in the inner region
(r . 5rs). This causes the surface density to be rapidly decreasing, so that the integrated
pressure has maximum at r ∼ 5rs. This result indicates that an ADAF solution changes
to a Keplerian thin disk when almost all energy is taken away from the accretion flow by
HEPs, which is consistent with the self-similar solution obtained by Narayan & Yi (1994).
However, this drastic change makes this model inconsistent with the assumption of ignoring
radiative cooling (see 4.2).
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Next, we discuss what determines the number and energy densities of HEPs. Figure
2 (b) indicates the heating rates and cooling rates of HEPs for D3. We can see that the
injection rate Qinj and the compressional heating rate QV,HEP are larger than the cooling
rate by pp collisions Qsink and the diffusive escaping rate Qdiff everywhere. We find that
QV,HEP . Qinj and that QV,HEP is not so large as to make γm much larger than γinj. Thus,
the mean Lorentz factor is nearly the same value as the injected value,
γm ∼ γinj. (56)
This condition is satisfied within a factor of two. This result implies that the balance
between Qinj and the advection term, which is the second term of the left side of equation
(22), determines UHEP and NHEP. Note that the dominant process energizing the HEPs
is different among D1, D2, and D3. For D3 (fv = fc = 0.9), the injection from the
viscous dissipation mainly energizes HEPs because PTP is so small that the injection
from the compressional heating is inefficient. On the other hand, the injection from the
compressional heating is dominant for D1 (fv = fc = 0.3) because PTP is large enough to
satisfy Qvis < QV,TP. Both the viscous dissipation and the compressional heating make
nearly the same contribution to the injection for D2 (fv = fc = 0.6).
3.3. Luminosities of Escaping Particles
We also calculate luminosities of escaping gamma-rays, neutrinos, neutrons, and
protons. We define the luminosities as
Li =
∫ rout
rin
2πrQidr, (57)
where i refers to the kind of escaping particles and Qi is the energy flux. We use Qn = Qesc
for the neutron luminosity and Qp = Qdiff for the proton luminosity. For estimating the
luminosity of gamma-rays and neutrinos, we assume that all kinds of pions produced by pp
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collisions have the same energy, Qpij = Qpi/3, where j = +, −, or 0. Neutral pions decay
into gamma-rays as equation (32), and charged pions decay into neutrinos, electrons, and
positrons as equations (33) and (34). The electrons and the positrons are considered to
lose most of their energies rapidly by emitting gamma-rays, and thus, we assume that their
energies are converted to the energy of gamma-rays. Roughly speaking, the pion energy is
equally divided among the final products (Begelman et al. 1990). Under these assumptions
and assuming that all of the photons and neutrinos can escape, Qν and Qγ are represented
as
Qν =
3
4
Qpi+ +
3
4
Qpi− =
1
2
Qpi, (58)
Qγ = Qpi0 +
1
4
Qpi+ +
1
4
Qpi− =
1
2
Qpi. (59)
In this treatment, Qγ = Qν is always satisfied, which leads to Lγ = Lν . When all the
neutrons escape, the ratio of Ln to Lγ(= Lν) is determined exclusively by Pp→n and Kpi as
Ln/Lγ = [Pp→n(1−Kpi)]/Kpi. (60)
In this model, we use Pp→n = 1/2 and Kpi = 1/2, so that Ln/Lγ = 1/2.
We see the parameter dependences of the luminosities of the escaping particles. We
choose the model D1 as a reference model. The parameters of the models calculated
additionally are tabulated in Table 3. We calculate various values of fv = fc (for the groups
D and F ), M˙ (for the group G), Cdiff (for the groups H and I), and γinj (for the groups
J and K). Figure 7 shows the luminosities of protons, neutrons, and gamma-rays, Lp, Ln,
and Lγ . Panel (a) shows the luminosities as a function of the allocation parameters under
the condition fv = fc, where we show the results of the groups D and F. We calculate
the models in the group F in order to show effects of β. The luminosity of the protons
is the largest of the three and reaches about 2 × 10−2M˙c2. The gamma-ray or neutrino
luminosity is smaller than Lp by about an order of magnitude, Lγ = Lν . 10
−3M˙c2. In this
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model, most of the generated neutrons can escape owing to large γinj, so that Ln/Lγ = 1/2.
Large fv makes the thermal pressure small and thereby weakens the magnetic fields, which
makes the diffusion coefficient larger. Thus, the dependence of Lp on fv is slightly stronger
as fv is closer to unity. The proton luminosity is small for small β because the strong
magnetic fields prevent the protons from escaping. On the other hand, Ln and Lγ are nearly
independent of β owing to their charge neutrality.
Panel (b) represents the M˙ dependence, where we show the results for D3, G1, and
G2. For the small mass accretion rate M˙ = 10−4M˙Edd, Lp ∼ 10−2M˙c2 and Ln ∼ 10−6M˙c2
while Lp ∼ 10−4M˙c2 and Ln ∼ 3 × 10−3M˙c2 for the large mass accretion rate M˙ = M˙Edd.
The large mass accretion rates strengthen magnetic fields and thereby decrease the diffusion
coefficient as κ ∝ B−1 ∝ M˙−1/2. The large mass accretion rates also strengthen injection
rates, which makes the energy density of HEPs larger as UHEP ∝ Qinj ∝ Ptot ∝ M˙ .
Thus, roughly speaking, Lp ∝ κUHEP ∝ BPtot ∝ M˙1/2. Note that if we normalize Lp
by the accretion luminosity M˙c2, it is a decreasing function of mass accretion rates as
Lp/(M˙c
2) ∝ M˙−1/2. The neutrons and γ-ray luminosities are nearly proportional to M˙2
since L ∝ ΣNHEP ∝ M˙2. We can see that Lp > Ln for M˙ . 10−1M˙Edd and vice versa.
Panel (c) expresses the dependence on Cdiff , where we show the results for D3 and
the models in the groups H and I. The models in the group I is different from the group
H in the value of β. For Cdiff . 10
4, the diffusive escaping rate is not so large that the
balance of advection and injection determines the energy density of HEPs. In this situation,
Lp ∝ κ ∝ CdiffB ∝ Cdiffβ1/2, and Ln and Lγ are not affected by the diffusion phenomena
and thereby nearly independent of Cdiff and β. However, for very large Cdiff , the escaping
rate is large enough to balance the injection rate, so that Lp is limited at Lp ∼ 0.1fvM˙c2.
Since the injection rates are nearly independent of β, Lp for I2 (β = 10, Cdiff = 10
6) is
nearly equal to that for J3 (β = 3, Cdiff = 10
6). Efficient proton escape makes NHEP small,
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which decreases the collision rate. Thus, Ln and Lγ with Cdiff = 10
6 are several times
smaller than those in Cdiff = 10
4.
Panel (d) depicts the γinj dependence of luminosities, where we show the results for
D3 and the models in the groups J and K. The models in the group K is different from
the group J in the value of β. The Lp and Lγ in panel (d) is quite similar to those in
(c). For γinj . 10
3, the proton luminosity is proportional to γinj since Lp ∝ κ ∝ γinj.
The gamma-ray luminosity is nearly independent of γinj. The number density of HEPs is
inversely proportional to γinj, while the energy per interaction is proportional to γinj. Since
these effects balances, Lγ is nearly independent of γinj. On the other hand, the neutron
luminosity with γinj = 10 is a few times smaller than that with γinj = 10
3. This is because
the neutrons cannot escape from the outer region (r ∼ 100rs) with small γinj while they
can escape with large γinj. For very large γinj ∼ 105, the proton escaping rate is so large
that escaping protons can extract almost all injected energy. This is the same situation as
the case with very large Cdiff . The proton luminosity is nearly equal to the total injection
luminosity 0.1fvM˙c
2, and Ln and Lγ with γinj = 10
5 are several times smaller than those
with γinj = 10
3.
The proton luminosity strongly depends on many uncertain parameters such as γinj and
Cdiff . This is due to the uncertainty of diffusion and acceleration of HEPs in the accretion
flows. On the other hand, the gamma-ray, neutrino, and neutron luminosities does not have
strong dependence on such parameters. These luminosities strongly depend only on the
mass accretion rates. For widely acceptable ADAF mass accretion rates (M˙ . 10−2M˙Edd),
these luminosities are less than about 10−4M˙c2. This value is negligibly small to change the
dynamical structure from ADAF to the standard disk like structure.
We also estimate the mass escaping rates defined as
M˙i =
∫ rout
rin
2πrmiN˙idr, (61)
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where i =p or n. We use N˙p = N˙diff and N˙n = N˙sink. Escaping protons have the Lorentz
factor γesc ∼ γinj, and thus, we can write the mass escaping rates as
M˙p ∼ Lp
γinjc2
. (62)
The Lorentz factor of escaping neutrons is nearly half of γinj. The mass escaping rates of
escaping neutrons are represented as
M˙n ∼ 2Ln
γinjc2
. (63)
Since Lp ∝ γinj in usual, M˙p is independent of γinj. On the other hand, M˙n is smaller as
γinj is smaller because Ln has the weak dependence on γinj. We find that M˙p . 10
−4M˙ and
M˙n . 10
−3M˙ in our calculation. Since both M˙n and M˙p are sufficiently less than M˙ , the
assumption that we neglect the sink term in equations (3) and (4) is valid.
4. DISCUSSION
4.1. Implications for Jet Production
The observations suggest that Lorentz factors of the jets are typically Γ ∼ 10 − 100,
and that their luminosities are broadly distributed over Ljet . M˙c
2 (Fernandes et al.
2011; Punsly & Zhang 2011). As described in Section 1, if the energy source of a jet is
gravitational energy that is released by mass accretion, some mechanisms that concentrate
the energy on a small fraction of mass are necessary in order to produce relativistic jets. It
is likely that the gravitational energy is converted to Poynting and/or kinetic energies and
they are injected into the polar region above the SMBH, “the funnel”, where the gas is very
dilute due to the centrifugal barrier. The most actively discussed model is the magnetically
driven jet model investigated by the magneto-hydrodynamics simulations (McKinney 2006;
Komissarov et al. 2007). The electromagnetic force accelerates the flow to relativistic
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speed, and it is considered that the amount of mass injected in the funnel determines the
terminal Lorentz factor. Alternative idea is the kinetically dominated jet model, in which
the relativistic thermal energy (i.e., random kinetic energy of particles) is transferred to the
acceleration of the bulk flow (Asano & Takahara 2007; Becker et al. 2011). In this model,
the terminal Lorentz factor is roughly equal to the averaged random Lorentz factor of
particles.
HEPs that escape from the accretion flows are likely to inject some amount of kinetic
energy and mass in the funnel, which is available to launch the kinetically dominated jet.
Although the escaping particles are considered to be isotropic, we discuss the case with the
most efficient injection in which all the escaping particles are injected in the funnel. If the
accretion rate is large, the neutron luminosity is larger than the proton luminosity, and it
amounts to Ln ∼ 10−2M˙c2 for G2. We note that what happens in the large mass accretion
rate is controversial because the electron component is not expected to be negligible (see
subsection 4.2). For the smaller mass accretion rates, Ln is smaller since the neutron
production is ineffective. In such situation, Lp is larger than Ln if γinj is large, and the
proton luminosity attains Lp ∼ 10−2M˙c2 for the efficient escaping models H2, I3, J2, and
K3 (Cdiff = 10
6 or γinj = 10
5). Therefore, for AGN jets with Ljet . 10
−2M˙c2, the energy
injection by escaping particles is one of the viable mechanisms to launch a relativistic jet
over a broad range of mass accretion rates. However, if there is no other mass injection
except escape of HEPs, the terminal Lorentz factor of the jet is estimated as Γ ∼ γinj. For
γinj = 1000, this value is too large in comparison to observed values.
For bright AGN jets that have Ljet & 10
−2M˙c2, the energy injection rates by escaping
HEPs are not sufficient. The magnetically dominated jet models are feasible for these jets.
Although HEPs are expected to act as the source of mass injection, they cannot inject
sufficient amount of mass in our model. Mass injection rates to jets are M˙n . 10
−3M˙ for
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neutrons and M˙p . 10
−4 for protons. This seems too small in order to explain the bright
AGN jets Ljet ∼ LEdd with Γ = 10− 100.
Toma & Takahara (2012) first calculated the injection rates of mass and energy in the
funnel by escaping neutrons. They used a power-law energy spectrum of the isotropically
escaping neutrons and calculated the injection rates only for the neutrons that decay in
the funnel, although they did not solve the structure of the accretion flow. They estimate
Ln . 2 × 10−3M˙c2 and M˙n . 6 × 10−4M˙ . The total rates including the neutrons that
do not decay in the funnel, i.e., the isotropic escaping rates, are around Ln ∼ 0.03M˙c2,
which is slightly larger than those in our models. This is because they assume the large
heating rate and the small infall timescale tfall ≡ r/vr at the vicinity of a SMBH. On the
other hand, our model does not include the spectrum of HEPs that is considered to affect
escaping rates of HEPs. In order to clarify injection rates of mass and kinetic energy, we
should construct a more realistic model (see Subsection 4.2).
4.2. Effects of Ignored Processes
In this paper, we have ignored effects of the electron component and radiation from
thermal component. If electrons obtain large amount of thermal energy, they radiate the
energy away by synchrotron emission and bremsstrahlung. Under the assumption that
electrons obtain thermal energy from protons by Coulomb collisions and that electrons are
non-relativistic, the timescale of energy transport from protons to electrons is estimated as
(cf. Spitzer 1962; Takahara & Kusunose 1985)
tp−e =
√
π
2
mp
me
1
nσTc lnΛ
(
kTp
mpc2
+
kTe
mec2
)3/2
, (64)
where we use the Coulomb logarithm lnΛ, the Boltzmann constant k, the proton
temperature Tp, the electron temperature Te, and the electron mass me. We estimate
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tp−e under the assumption that Te/me = Tp/mp. If the energy transport time tp−e is less
than the infall time tfall, the effects of the electron component should be relevant. At
r ∼ 10rs, the ratio of these two timescales is roughly tp−e/tfall ∼ 10 for M˙ = 0.01M˙Edd and
tp−e/tfall ∼ 0.1 for M˙ = M˙Edd. Thus, for small mass accretion rates like M˙ = 0.01M˙Edd, the
electrons does not affect the dynamics of the flow whereas the effects of electrons should
not be ignored for large mass accretion rates as M˙ ≃ M˙Edd. The solutions realized in such
situations are not well-understood, and thus, we do not get involved with this problem in
this paper. If we consider large fv and fc, the density is large, and cs and vr are small. This
makes it difficult to satisfy tp−e > tfall. For model D3 tp−e/tfall ∼ 0.3 at r ∼ 10rs, and for
model E1, tp−e/tfall ∼ 0.03 at r ∼ 10rs even if M˙ = 0.01M˙Edd. Thus, when HEPs affect
the dynamical structure, the electrons are also expected to play important roles on the
dynamical structure.
The ADAF solution is considered to produce not only jets but also disk winds (see
Narayan & Yi 1994; Blandford & Begelman 1999). Many studies on accretion flows with
the multi-dimensional simulations show that the disk winds are very common phenomena
(e.g. McKinney 2006; Ohsuga & Mineshige. 2011). The disk winds affect the mass accretion
rates, angular momentum transport, and internal energy. Though it is important to include
effects of the disk winds, modeling those effects in the one-dimensional model is not simple.
The multi-dimensional study is necessary in order to understand the effects of the disk
winds, and it remains as a future work.
Turbulent magnetic fields in the accretion flow are related to the acceleration and
diffusion process of HEPs. According to the quasi-linear theory of the wave-particle
interaction, Cdiff is related to the strength of the turbulent magnetic fields at the scale of
the resonant wave length. In accretion flows, turbulent magnetic fields are expected to
be induced by MRI. Typically, injection scale of the turbulent magnetic fields, which is
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around the scale height of the accretion flow, is about 10 orders of magnitude larger than
gyration scale of HEPs (Dermer et al. 1996). This difference between two scales is expected
to make the turbulent fields very weak at the gyration scale of HEPs. Thus, Bohm limit
that corresponds to Cdiff = 1 is unlikely to be suitable in the accretion flows, and we have
used Cdiff = 10
2, 104, and 106. We note that acceleration of HEPs is inefficient for large
Cdiff because large Cdiff means that HEPs rarely interact with the turbulent magnetic fields.
From the point of view of particle acceleration, it seems difficult to produce a large amount
of HEPs by stochastic acceleration for the models with Cdiff = 10
6.
We assume monoenergetic HEPs in order to use the moment equations of the
diffusion convection equation. Actually, HEPs have energy spectra that are determined
by acceleration, escape, and cooling processes (e.g. Dermer et al. 1996). Owing to the
energy dependence of the diffusion coefficient, particles with larger energy are considered to
escape from the flow faster than those with lower energy. This feature is likely to affect the
luminosity and mass escaping rates of protons. In order to discuss the diffusive phenomena
more precisely, we should model and solve the acceleration process with including the
momentum dependence of HEPs.
5. SUMMARY
We have studied the effects of high-energy particles on the accretion flow onto a
supermassive black hole. We also calculate luminosities of escaping particles such as
protons, the neutrons, the gamma-rays, and the neutrinos.
We formulate a one-dimensional model of the two component accretion flow consisting
of the thermal particles and the high-energy particles. The thermal component is governed
by fluid dynamics, where we ignore effects of radiative cooling. For high-energy particles,
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the moment equations of the diffusion-convection equation are solved with accounting for
coolings by pion production, neutron escape, and proton escape. We assume that injection
rates of high-energy particles are related to heating rates of thermal particles. We obtain
steady state solutions by solving the time evolution of these equations. Without high-energy
particles, we obtain advection dominated solutions that have features consistent with those
obtained by previous studies. Including high-energy particles, we also obtains advection
dominated flows, and effects of high-energy particles on the flow structure turn out to be
small even if the pressure of high-energy particles dominates over the thermal pressure. For
a model in which escape of high-energy protons takes away almost all energy, the accretion
flow has the Keplerian angular momentum, slow infall velocity, and large surface density.
However, this solution is inconsistent in point of ignoring the electron component. Thus, if
HEPs affect the dynamical structure, electrons are expected to be important.
We calculate luminosities of escaping particles for these steady solutions. For small
mass accretion rates and large injection Lorentz factors of high energy particles with
large diffusion coefficients, the luminosity of diffusively escaping protons amounts to
Lp ∼ 10−2M˙c2. In contrast, for large mass accretion rates, the luminosity of escaping
neutrons, Ln, is larger than Lp, and its maximum value is nearly the same as that of the
protons Ln ∼ 10−2M˙c2. The luminosities of gamma-rays and neutrinos are a few times
larger than Ln. We note that radiative processes are expected to be important for large
mass accretion rates. Though high-energy particles have little influence on dynamical
structures, it is possible to extract some amount of energy through high-energy particles.
They are considered to play some roles for production of relativistic jets in terms of the
mass and energy injections.
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A. Derivation of the compressional heating term
Equation (3) can be expressed as
d lnΣ
dt
= −1
r
∂
∂r
(rvr), (A1)
where d/dt is the Lagrangian derivative. The equation of continuity is written as
d ln ρ
dt
= −∇ · v (A2)
Using ρ = Σ/(2H), we obtain
∇ · v = −d ln ρ
dt
= −d ln Σ
dt
+
d lnH
dt
=
1
r
∂
∂r
(rvr) +
d lnH
dt
(A3)
Since Σ and H are independent of z, we find that ∇ · v is independent of z. Thus, we can
integrate the compressional heating term as
QV,TP = −
∫
pTP(∇ · v)dz = −PTP
r
∂
∂r
(rvr)− PTPvr
H
∂
∂r
H (A4)
= −PTP
rH
∂
∂r
(rHvr). (A5)
Here, we assume that ∂/∂t = 0 since we are interested in the steady solutions. This
expression of ∇ · v is the same as that of Le & Becker (2005) though its derivation is a
little different. We can derive the compressional heating term for HEPs in the same way by
replacing pTP with pHEP.
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Table 1: Fixed parameters
MBH/M⊙ rout/rs rin/rs rcrit/rs
108 150 1.5 100
Table 2: models and their parameters
models α β M˙/M˙Edd fv fc γinj Cdiff
A1 0.1 10 0.01 0.0 0.0 – –
A2 0.1 3 0.01 0.0 0.0 – –
A3 0.1 10 0.001 0.0 0.0 – –
A4 0.003 10 0.01 0.0 0.0 – –
B1 0.1 10 0.01 0.3 0.0 103 104
B2 0.1 10 0.01 0.9 0.0 103 104
C1 0.1 10 0.01 0.0 0.3 103 104
C2 0.1 10 0.01 0.0 0.9 103 104
D1 0.1 10 0.01 0.3 0.3 103 104
D2 0.1 10 0.01 0.6 0.6 103 104
D3 0.1 10 0.01 0.9 0.9 103 104
E1 0.1 10 0.01 0.9 0.9 103 106
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Table 3: models and their parameters
models α β M˙/M˙Edd fv fc γinj Cdiff
F1 0.1 3 0.01 0.3 0.3 103 104
F2 0.1 3 0.01 0.6 0.6 103 104
F3 0.1 3 0.01 0.9 0.9 103 104
G1 0.1 10 0.0001 0.3 0.3 103 104
G2 0.1 10 1.0 0.3 0.3 103 104
H1 0.1 10 0.01 0.3 0.3 103 102
H2 0.1 10 0.01 0.3 0.3 103 106
I1 0.1 3 0.01 0.3 0.3 103 102
I2 0.1 3 0.01 0.3 0.3 103 104
I3 0.1 3 0.01 0.3 0.3 103 106
J1 0.1 10 0.01 0.3 0.3 101 104
J2 0.1 10 0.01 0.3 0.3 105 104
K1 0.1 3 0.01 0.3 0.3 101 104
K2 0.1 3 0.01 0.3 0.3 103 104
K3 0.1 3 0.01 0.3 0.3 105 104
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Fig. 1.— Radial distributions of (a) the surface density Σ, (b) the specific angular momentum
lz, (c) the radial velocity vr and the effective sound speed cs, and (d) the integrated total
pressure Ptot for the group A. The solid, dashed, dotted, and dot-dashed lines are for the
models A1 (reference), A2 (small β), A3 (small M˙), and A4 (small α), respectively. The
thin solid line in (b) represents the Keplerian angular momentum.
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Fig. 2.— (a) Radial distributions of heating rates for A1. The solid and dashed lines
show the viscous heating rate and the compressional heating rate, respectively. (b) Radial
distributions of the heating and cooling rates for HEPs in D3. The solid, dashed, dotted,
and dot-dashed lines show the injection rate, the compressional heating rate, the cooling
rate by pp collisions, and the proton escaping rate, respectively.
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Fig. 3.— Radial distributions of (a) the surface density Σ, (b) the specific angular momentum
lz, (c) the radial velocity vr and the effective sound speed cs, for the group B. The solid, dot-
dashed, and dotted lines are for B2 (fv = 0.9), B1 (fv = 0.3), and A1 (no HEPs for reference),
respectively. The thin solid line in (b) represents the Keplerian angular momentum. (d)
Radial distributions of the integrated pressure for B2. The solid and dashed lines represent
PTP and PHEP, respectively. The dotted line depicts PTP for A1 (no HEPs) for reference.
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Fig. 4.— Radial distributions of (a) the surface density Σ, (b) the specific angular momentum
lz, (c) the radial velocity vr and the effective sound speed cs, for the group C. The solid, dot-
dashed, and dotted lines are for C2 (fc = 0.9), C1 (fc = 0.3), and A1 (no HEPs for reference),
respectively. The thin solid line in (b) represents the Keplerian angular momentum. (d)
Radial distributions of the integrated pressure for C2. The solid and dashed lines represent
PTP and PHEP, respectively. The dotted line depicts PTP for A1 (no HEPs) for reference.
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Fig. 5.— Radial distributions of (a) the surface density Σ, (b) the specific angular momentum
lz, (c) the radial velocity vr and the effective sound speed cs, for the group D. The solid,
dot-dashed, and dotted lines are for D3 (fv = fc = 0.9), D1 (fv = fc = 0.3), and A1 (no
HEPs for reference), respectively. The thin solid line in (b) represents the Keplerian angular
momentum. (d) Radial distributions of the integrated pressure for D3. The solid and dashed
lines represent PTP and PHEP, respectively. The dotted line depicts PTP for A1 (no HEPs)
for reference.
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Fig. 6.— Radial distributions of (a) the surface density Σ, (b) the specific angular momentum
lz, (c) the radial velocity vr and the effective sound speed cs, for the model E1. The solid and
dotted lines are for E1 (fv = fc = 0.9) and A1 (no HEPs for reference), respectively. The thin
solid line in (b) represents the Keplerian angular momentum. (d) Radial distributions of the
integrated pressure for E1. The solid and dashed lines represent PTP and PHEP, respectively.
The dotted line depicts PTP for A1 (no HEPs) for reference.
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Fig. 7.— Luminosities of the escaping particles as the functions of parameters. The squares,
the circles, and the triangles denote Lp, Lγ = Lν , and Ln, respectively. The open and filled
symbols are β = 3 and β = 10, respectively. (a) the dependence on fv = fc. This panel
shows the results for D1, D2, D3, F1, F2, and F3. (b) the dependence on M˙ . This panel
shows the results for D1, G1 and G2. (c) the dependence on Cdiff . This panel shows the
results for D1, H1, H2, I1, I2, and I3. (d) the dependence on γinj. This panel shows the
results for D1, J1, J2, K1, K2, and K3.
